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The  IteohaalCB  of  Deep  TIfeter,  Shallow 
aad  Broakittg  I^tos 


Abstract  Sspsrtsss&tfel  data  are  preee&ted  for  deep  i«a.tar«  thaXXoir  eater,  and 
breaking  eaTSs  with  raspeot  to  the  eaee  surfaoe  tiae  history,  the  horisoatal  and 
Tertioal  particle  Telooitiea  and  the  particle  orbits*  fhe  seatureueatB  are  ooa- 
pared  i^ere  applicable  to  Stokes  vara  theory*  Ihe  results  are  that  the  Stokes 
wsTO  theory^^i»^*®»^)*,  and  other  tots  theories  v2,5» shoir  good  agroesent  with 
the  neacureiseats  for  deep  eater  conditions  and  eren  to  d/1  ralues  of  approxi- 
safitely  0*2.  The  theories  do  not  apply  for  shallow  water  ooaditions  where  d/t 
values  are  appreciably  less  than  0*2  and  the  wares  hare  an  appreoiable  steepnSse* 


Itttroduetian  - The  pxurposs  of  this  report  is  to  present  sxporijaental  data  on  the 
ffiaohaaiosTo?  totcs  and  to  oo£^are  these  data  witti  the  Stokes  ware  i±eory(l*2»3, 4)^ 
The  wars  surfaoe  time  history,  horieontal  rertioal  particle  relooities  and 
the  pa  aeasured  in  deep  water,  shallow  water,  and  for  bre&kiiig 

wares*  The  Stokes  theory  showed  good  agreement  with  the  aieasureaente  for  oondl» 
tions  where  d/i<  was  greater  than  about  0*2*  For  shallow  water  wares  (d/1  apprsGi<> 
ably  less  than  0*2)  of  appreoiable  steepness  aicii  for  breaking  wares  on  sloping 
beaohes,  the  Stokes  theory  to  the  second  approximation  shows  poor  agreemnte  It 
was  found  that  steep  TOras  near  the  breaking  point  on  a steep  beach  will  sheer 
closer  agreement  witx.  the  Stokes  theory  than  Icsr  waves  on  a flat  b«a«h«  The 
eurfaoe  ttae  historjr  at  the  point  of  breaking  shows  olose  agreement  with  the 
space  profile  at  a distance  of  209^  of  the  ware  length  on  either  side  of  the  break- 
ing point*  The  greatest  horlsontal  particle  velocity  ooours  when  a ware  breaks, 
K>t  there  ie  ao  erldenca  ^tat  any  particles  approach  the  ware  rslooity  except  the 
particles  at  the  crest  of  the  breaking  ware*  %e  greatest  rertical  velocity 
occurs  in  an  upward  direotlon,  Just  as  the  ware  breaks*  i^r  unbroken  wares  that 
are  asyanstrloal  about  the  orest.  the  greatest  rertieal  reloolty  ooeurs  in  an 
vqiward  dlreotlon.  Just  as  the  ware  orest  approaches  the  particle*  Extremely 
shallow  water  wares  in  a ohannel  form  a seoond  ware  that  trarels  at  a slower 
reloolty  than  the  original  wars,  thus  forming  wares  ihat  do  not  hare  a perDanont 
form*  The  particle  orbit  of  this  ware  train  oonsists  of  an  ellipse  within  an 
ellipse  if  the  seoond  ware  is  in  the  trough  of  the  original  ware*  Ho  mass  Irans- 
port -Studies  were  attsapted  because  of  uateiowii  tank  effeoti* 

Experiments  The  experiments  were  oonduoced  in  the  1 ft.  by  3 ft*  by  60  ft*  ware 
chaanol  in  the  Fluid  Keohanios  Laboratory,  University  of  California,  Berkeley* 

A mixture  of  oarbon  tetrachloride,  xylene  (xylol)  and  sins  oxide  was  made,  which 
had  the  same  specific  parity  ae  water*  Droplet e were  injected  into  the  nUtsr 
and  the  residting  motion  was  photographed  throu^  the  glass  sides  of  the  channel 
with  a motion  picture  camera,  A clock  and  grid  were  placed  in  the  field  of  view 
in  order  to  obtain  time  and  epaoe  ooordinatos*  The  motion  pictures  were  analyred 
frame  by  frame  to  obtain  the  data  preeented.  The  particle  orbits  for  the  deep- 
water and  shall ow-wrtter  wares  wore  adjusted  so  that  the  apparent  mass  transport 
was  slimiaated.  This  was  done  by  measuring  the  apparent  mass  transport  over  one 
ware  cycle  and  apportioning  the  negative  of  this  motion  linearly  over  the  particle 
path  for  one  wars  cycle®  During  all  experiments  with  unbroken  waves,  the  waves 
were  made  as  eteep  as  possible* 


^Superscript  numbers  in  parentheses  rofer  to  references  at  end  of  report 


Flret  aad  Seooad  Approxlmatioag  of  Stokee  1^’ra  !!hooiyi  ?ha  fir*t  end  s«o62id 

of  Smokos  ”waT«  tPi-aory  uroi'e  coj^iar^  with  th®  sioa«ur®<l  yt&rs  «urf- 
ae«  time  history,  horieontal  and  vertical  partlola  Telooily  and  the  partdele 
path* 


7h®  «Mond  approxiication.  of  Stoli^s  eav®  theory  for  the  wave  profile 
given  by  the  expression 
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where 


8 « elevation  of  the  partlole  above  the  botton  (ft* ) f in  this  osse 
- the  surface  particle 
d a stlll-vrater  depth  (ft#) 

« waye  hel^t  (ft) 

5 s hdrlsestal  distanas  fToa  origin  (the  wave  ®re#t)-to  the  partiele  (ft*)= 
^ L » wave  lehg^^  (ft*) 

^t  B ttme  (seo*) 

f n wave  period  (seo*)  ..L- 


Bquation  (l)  beeanes  the  surfaoe  time  history  by  replacing  £/)*  with  t/?  vdtioh 
is  possible  for  waves  of  permanent  foina*  this  was  the  only  theory  used  for 
oosqparison  with  the  measured  surfhoe  time  history  because  the  tro^oidal  surf- 
ace time  hietory(^»^/  and  Stokes*  deep  water  surfaoe  time’ his tory(l),  all 
agree  olosely  with  each  other  and  inth  the  seasured  surface  time  history. for 
deep  water*  In  shallow  water  the  prerlously  mentioned  expressions  for  the  surf- 
aoe tizas  histofy  do  not  ajpree  with  each  other  nor  with  the  ea^erijoental  results* 
“urtheMaere,  the  third  approximation  of  Stokes  wavs  idieery  will  only  sll^tly 
imprcv?  the  situation*  The  writer  believes  it  would  take  many  approximations 
to  extend  the  Stokes  ware  theory  to  waves  of  apprediable  steepness  in  very 
shallow  water* 


The  first  approximation  (Stokes)  to  the  horlsontal  partlola  veloeity^^^  is 
given  by  the  expression 
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where 


u * horizontal  particle  velocity,  (ft*  per  sec*) 

® = angular  position  of  particle  in  ito  orbit  measured  counterclockwise 
and  where  there  is  no  mass  transport,  (degrees) 


!Qi©  use  of  9 is  e modification  of  th©  Stokes  equation  v/hioh  includes  the 
assumption  that  the  horizontal  particle  velocity  is  zero  at  the  mean  vortioal 
particle  position.  The  use  of  © applies  only  for  the  first  approximation. 
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second  approximtion  (Stokea)  of  th<%  horisojiisal  particle 
giToa  by  the  expression 
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X » horizoatal  positlos,  of  particle  in  its  stean  horisontal  position  (ft)* 
o * T«T*  Teloolty  of  propa|;ation»  (ft/see) 


The  partlole  velooity  under  the  ©rest  becoaes 
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and  the  partlole  veloolty  under  'fee  trou^  beeoBee 
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fho  absolute  ralues  of  u (orest)  and  u (trou^)  and  the  asaxinsm  Tslue  of 
Equation  (2)  ■»«?«  eesparsd  to  the  ssasared  h^lsontal  particle  Telooities  under 
the  orest  and  trou^  of  the  iraroe*  In  deep  eator  all  the  expressions  gare  the 
seme  olose  agraeaent*  In  shallow  water  for  mTss  of  appreoiable  steepness, 
Equation  (2)  (linear  -Mieory)  aMmares  closely  to  the  experixwntal  results 
ttan  the  3«oond  approximation  of  the  Stokes  ware  theory* 

The  seoond  approximation  (Stolcss)  to  the  yertioal  portiole  Telooity(^)  (t  in 
ft*/3eo«)  io  girsn  by  ihe  expression 
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which  for  the  meiin  vertioal  particle  position  beocmss 
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This  result  is  comoon  to  both  the  first  and  second  approximatione  in  deep  or 
shallow  water* 

The  seoond  approximation  (Stokes)  to  the  horizontal  particle  position'  * ■'  in 
its  orbit  with  no  mass  transport  is  given  by  the  expression 


2rrs 


-JI  Co8irnr“_.  Ztt,^  . j 1.  3 < 

^ - r 1,; 

L “ ” 


3 Cosh 


4nS 


(Sinh  ’ 

Ij  ! 


Sin  -^^(Sc-ot)  (8) 


4. 


S for  this  ease  is  the  aaeaa  p&rt-iols  elemtlos  aboT^  tfe©  bottaa,  (ft.) 
Squatioa  S ssoks  aia^-st  eatirsiy  ihadequai;©  for  all  but  a few  wlass  of 
Itt  deep  mtoj*  asd  for  better  agrdwseat  in  shailoir  water  the  equation  Tm*%©» 
duoed  to 

E bosh.^^  ..  . tyr  . . 
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She  oeoond  approxissati^a  (Stekef)  to  the  Tertiedl  particle  position  0-»^)  in 
its  orMt  -Is  given 'by  the  ©xpr^ston  ■ 
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fbr  sh&llcsr  water  Bquation  (1^)  btoostea  ii!»deq^iitt#*'aad  bettor  were  ob- 
tained Tdaofl  it  ms  fedueod  to'^-^s  feXloslng  «i^r®«#ion ' ?'■■  ''‘  .r  - '■ ’V-' ■ - - - 
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The  f ifsif  sime»  and  oosine  opirvention  used  in  the  al^pTO  ^q^tiohs 
witH  tSiO  figures  -presented  in  i»»  report  and-^sssy 
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ReSttlte  aad  Pisenstiont  The, weperiiasatal'  results  are  preseatod  in  v®s^phieal  fd^a. 
STs^aary  V^  tiie  mw  odvered  is  presented  is  Table  I*  Hgures  1 to 

S OSTSr  -Khs  ssaditioss  of^  greater  tiam  about  Q#2.  fi^reg  $ to  id*  and  1?  to.,: 
25  oover  the  oonditions  oiF  ^ less  than  0(»20«  FleLtres  11  to  Id  oorer  the,  oa6S 

’ of  breal^ng  imves  on  slopinl  btaOhes#  Sittoe  “Sdiero  dan  be  ao  abrupt  *ohaiE|^ 
good  ap'eemsnt  to  bad  agressiest,  Hpsres  5,  6 and  Vt  where  ■falueo  of 
between  0,20  to  0*10  aa,y  be  oXassed  as  the  region  wfeer®  the  Stat:es  thediy 
deviates  20^  or  aioro  from  the  Eseasuremeats  for  waves  of  appreciable  steophess. 


ligaro  1 shows  a very  steep,  deep-water  mve  (d/t,  s 0»55g)  where  the  theerotioal 
retultf  for  the  seeond  approxiiaiitipn  of  the  Stokes  theory  are  apprcusi^tely  the 
SUM  as  for  the  first  approxiaatioa.  The  aasiawa  error  between  the  theosy  and 
measuressionts  is  about  20%  based  on  the  measured  results.  The  partiola  path  for 
this  wave  o end! t ion  is  almost  exactly  a oirole.  figure  E where  ^ s 0,449  is 
aliffiost  identioal  with  Figure  1,  but  with  a wavs  that  is  som©what"lesa  steep, 
Fisirs  3 shews  a relatively  steep  mvs  in  mter  thfet  is  relatively  shallow 
(d^  « 0,2Se).  The  theoretioai  horizontal  partiole  velocity  shows  the  variation 
betweon  the  first  and  second  approxlmtions.  The  agrsemsnt  between  measurement 
and  theory  is  generally  within  20%  based  on  the  measured  results  for  this  ease. 
Figure  4 (d/L  m 0,228)  is  almost  identioal  with  Figure  S.  The  partiole  path  in 
this  oase  is  now  elliptical. 


Hgur*  ^ ship's#  a very  steep  ■Ka-rc  in  relatirely  ahaliow  ■satsr  (4/X  » 0*19l)  and 
is  AH  05Kaai^le  of  the  beginning  of  the  deviation  of  the  second  approxi^netioa*  Kie 
surffccs  history  has  a definitely  flat  trou^  for  aorc  t2»a  60^  of  the  my© 
cycle  vhicsris  characteristic  of  shallow  era  ter  waves  of  apprcciablfe  etecpness* 

Iho  horiscntal  particle  voieoity  distribution  shows  loss  curratare  than  the  steep 
m-n^ehown  4a  ligcure  1«  ^Qie  data  presented  thus  far  on  horii^tal  particle 
TelcSilgr  indicate  that  ^e  particle  velocity  at  a given  elevation  above  the 
bottom  is  the  sane  aagEd.tude  under  the  crest  as  \ttider  the  taOtt^  ^ 
appfrMimation  of  tdie  Stokes  theory  indicates  that  the  varia^on  between  the 
tarou^  horlsent^l  particle  relooity  and  the  crest  velocity  at  the  sftiae  level 
fhorcld  be  ahcat  Z^»  Sie  point  bas  now  been  reached  sdidr*  the  dif  ferenee 
bctvei^  the  first  and  second  approxis&tion  is  about  the  same  as  the  differeno#  . 
betiTeen  the  aeasuz^n^nts  end  the  Stolses  theory  so  that  nmves  in  acre  ehallotr  water 
can  be  eiq^eted  to  ehow  even  greater  variation  between  thaox^  end  laeasurcaont*  Ibr 
tbde  e%MS>le  (i^ai^e  5)  the  particle  path  is  elliptical  but  is  more  roiinded  at  Ihe 
^rCst  a|^  flattened  tt  the  trou^  both  in  measuri^nt  and  theory  indleating  typical 
ihaXlOir  water  effects*  Another  exasiple  of  a wave  in ‘the  earn  is  shown  in 

fi^ires  5 and  *&•  2iis  wave  wculd  not  be  considered  ateep  in  desp  waters  bat  it 
is  a stoop  wave  in  ^is  relatiraly  shallow  water  (&/L  » 0«1I0)*  the  wave  surface 
.tis^  history  and  hortsontal  particle  velocity  shows  good  agreement  with  the  theoi^ 
^bnt  in  latter  case  a definite  Increase  in  the  difference  between  crest  and 
tron^  velocity  at  ssisse  level  if  shc^*  ^ 

Samarkahly  good  agreee^nt  between  the  measured  vertical  partiole  velocity  and 
the  theoretleal  reaults  le  shown  in  figure  1?  for  this  wave  condition*  In  the 
Figures  6 and  17  and  in  the  following  Ingurca  7 to  10  and  18  to  26;  the  waves 
were  made  as  steep  as  possible  for  the  shallow  water  condition  presented* 

Klnret  7,  18  and  22  shows  a relatively  steep  wave  in  relatively  shallow  water 
* 0«07f)  whieh  is  definitely  beyond  the  regjf.on  of  good  agreement*  iny 
agreectent  of  the  aeasoremests  with  the  thscry  probably  is  msrs  coincidental  than 
anything  else*  Sbr  instance j the  secondary  wave  shown  in  the  theoretical  profile 
of  the  second  approximation  ^figure  7a)  is  for  a wave  of  psnaaneat  form,  but  the 
measured  wave  does  not  have  a penuanent  form  since  the  seoondary  wave  is  travel- 
i»g  at  A different  velocity  than  the  large  wave*  . 2ho  agresment  betwesa  horizontal 
particle  velocity  and. the  theory  is  poorj  however,  there  is  considerabls  experi- 
mental scatter  in  t&ts  exsapie  (figare  7b).  Hgures  7o,  22a,  and  22fe  show  fairly 
close  agreement  between  theory  and  measurement,  but  the  theory  is  a mixture  of 
the  first  and  seootid  approximations*  The  first  approxlasation  4s  used  in  the  x 
direction  and  the  second  apprcucimation  is  used  in  the  y«*direction*  althou^  the 
agreement  Is  good,  this  approach  is  arbitrary  in  that  using  one  approximation  or 
w4e  other  depends  upon  a ohosen  A A*  without  siny  rules  for  this  choice*  If  the 
second  approximation  la  used  in  ths  x direction,  the  theoretioal  curve  extends 
beyond  the  borders  of  the  graph*  The  first  approximation  in  the  y~direotion,  if 
used  alone,  woulu  mean  a syiametrical  orbit  about  y * 0*  In  figure  18,  the  theory 
has  departed  considerably  from  the  measured  v*l«ei  of  the  vertiael  particle 
velocity*  The  wave  illustrated  in  Figures  8,  19  and  23  is  in  slightly  more 
shallow  water  (A/L  * 0.057)  than  the  wave  of  Figures  7,  18  and  22,  but  is  other- 
wise Identical,  Ths  theoretioal  surface  time  history  differed  so  greatly  from 
the  msasarements  that  it  was  considered  not  to  apply  and  was  not  shown*  In 
Figures  8b,  8o,  E3a  and  23b,  only  ths  first  approximation  was  used  and  showed 
better  agroement  to  the  measuramen "„s  than  the  second  approximation  which  could 
not  be  contained  within  the  ^aph.  Tl»is  alose  agreement  of  the  first  approxi- 
mation is  oont-radiatory  to  the  theoretioal  approach  indicated  in  that  the 


i?oooad  appro3ci3satica  should  for  all  oases  toe  bsttar  than  the  fir/i'^appr'iziaeit.tOtt. 
Pi  gore  19  of  the  Tertioal  particle  7»iooity  for  this  waTO  shows  -tdAt  the  theory 
lays  within  the  eaqperiinsatal  scatter# 

The  wave  condition  s 0«044)  of  Plgarfes  9,  20  and  24,  and  the  wave  condition 

V 8 0#0SS)  of  llgurss  IP,  21,  and  sh^  stich  poor  agreement  the  Sto]kms 
wi^e  theory  that  the  ^eoretieal  curves  could  not  be  contained  the  l^imits 

of  the  ^ra^hs  except  for  Ihs  horizontal  and  Tertical  particle  rei^ities#  alii 
figure  IChi.,  a eeoonch^ry  wave  is  shown  traveii*^  at  aissost  half  the  veloei^  of 
tijie  larger  inve#  ^ la  figures  10c  erd  2S,  the  sscoudary  wave  appears  as  an  inner 
loop  in  the  i^Hcle  orbit*  la  Figure  9&,  a slight  soooadary  vave  was  shown  and 
this  causes  l^e  hesitant  particle  motion  sho^  at  the  rl^t  side  of  flg^iros  So 
s^  24;#  3Qa  figures  9b  and  lOb,  the  horizontal  particle  motion  under  the  trcu]^ 
if  definitely  less  than  the  particle  yelccity  under  the  crest*  Sirther,  the 
Biaxiffiiea  iiavizontal  partiale  velocity  at  ^e  crest  of  the  wave  has  act  begun  te 
approach  the  order  of  magnitude  of  the  wave  velooi^# 

TS|s  ez^erimental  results  of  the  breaking  waves  on  a slewing  beaoh  and  the  experi- 
mental results  of  the  waves  in  very  shallew  water  shew  «iat  the  trendi  of  the 
wa^r  particle  motion  of  the  shallow  water  waves  are  continued  when  the  wave 
breaks#  The  bnseklng  waves  presented  are  olassif led  by  the  beaoh  slope  and 
their  deep-water  steefsiessa  Two  beach  slopes  (islO  and  lt50)  were  se Iso tod  as 
about  representative  of  the  two  ezti?emef  possible  In  the  model*  fbom  Ihe  model 
study  it  was  found  that  stesp  waves  on  a relatively  steep  beaoh  plsnged  upon 
breaking  while  l<nr  wares  spilled  up’tn  breaking*  On  a flat  beaoh,  the  steep  waves 
form  spilling  breakers  and  the  low  waves  form  plunging  breakers#  Figure  11  Is 
an  example  of  a wry  low  wave  on  a steep  beach#  The  surface  thns  history  ie 
aaymaetrioal  and  very  irregular#  The  irregular  waves  in  the  trou^  are  travcllBg 
neaward#  In  Figure  11a,  the  surface  time  history  and  the  space  profile  show  good 
agi'sement  over  a diatanoe  of  205^  of  the  ware  length  on  either  side  of  the  erest# 
The  h^risontaX  particle  velccity  at  the  crest  is  approximately  twice  that  at  the 
bottc^^  However  the  maximum  particle  relocity  under  the  trough  is  the  same  as 
under  tne  crest  at  the  same  level*  The  naxinMin  particle  velocity  hear  the  crest 
is  not  as  groat  as  the  wave  velocity#  The  particle  motion  including  mass  trans- 
port is  very  irregular*  however,  it  was  observed  within  a relatively  narreer 
region  of  the  breaker  that  the  maximum  vertical  particle  velocity  occurred  as  the 
wave  crest  approached  and  the  smxlmvutt  horizontal  velocity  occurred  when  the  wave 
broke,  even  thou^  the  particle  was  not  directly  under  the  breaking  crest*  That 
is,  the  maximum  horizontal  particle  velocity  occurred  at  a position  other  than 
the  maximum  elevation  in  the  orbit  if  the  particle  was  not  directly  under  the 
crest  when  the  wave  tor-cka*  Hence  for  such  particles  that  were  seaward  of  the 
breaker  the  maximum  horizontal  velocity  occurred  sli^tly  afterward  or  exactly 
as  the  wave  crest  passed*  ”or  pairtioies  that  were  shoreward  of  the  breaker 
maximum  horizontal  velocity  occurred  before  the  crest  passed  (foam  line)*  The 
wave  condition  of  Figure  12  is  idantioal  to  that  of  Figure  11  except  that  the 
wave  is  steeper  in  deep  water*  “or  this  wave  the  horizontal  particle  velooii^ 
at  the  crest  is  nearly  the  somo  as  the  vm,ve  velocity.  Figure  IS  shows  a steep 
wave  on  a steep  beaoh#  ^is  is  the  only  breaking  wave  for  which  the  Stokes 
theory  was  contained  within  the  borders  of  the  graph*  Agreement  between  tha 
breaker  and  the  theory  was  not  expected  but  it  is  interesting  to  find  fair 
agreement  as  to  the  order  of  magnitude  which  v«is  found  for  this  case  alone® 
Bapacially  significant  is  that  the  horizontal  particle  velocity  under  the  crest 
and  trough  are  equal  at  equal  levels*  Hence  steep  \mves  on  steep  beaches  behave 
more  lika  waves  in  relatively  deep  vrater  cf  constant  depth  than  any  other  waves 
on  sloping  beacihep*  This  is  apparent  if  the  facts  are  considered  that  a steep 
wave  cannot  shoal  very  much  without  breaking  and  that  waves  shoal  rapidly  in  a 
short  distance  on  s tesp  beaches  * Thus  a stsep  wave  on  a steep  beaoh  cannot 
change  inuch  in  shape  before  braakingo 
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tigire  14  shows  a lor  va-ro  mi  a flat  bsaeh*  3ha  aorfaoo  tisK>  history  is  flat 
sad  iMig  ia  tixa  ahioh  is  tjqsisal  of  vary  shaljbsr<n(at«r  vaTse«  %s  hori> 

eoatal  pariiolo  ‘ralocii^  is  typical  of  toiry  shallor<w«it«r  wtTss  in  that  the 

m.^r  the  orssta  is  . about  tadoe  the  particle  Tclooity  i^iuder  the  trough* 
%o  awsiacM  ps^iole  folooity  usair  crest  is  asearly  equal  to  the  ?elocity« 
pcurtiele  pai&  shows  the  eery  slow  sad  hesitsht  .aMtio&'of  1;^  tzou|h  *et  off 
froK  the  Tory  rapid  notion  as  the  crest  passe*  and  breaks*  IS  ii  a 

slifhtly  steeper  mre  than  figure  14  but  is  otherwise  idanti^^l*  Id  is 

t^t  of  a rery  steep  wave  on  a flat  beach*  kgkta.  the  phenwaeaon  of  'Igurs  IS 
is  repeated*  Tits  profile  is  store  syasietrieal*  fhe  particle  welociiie^  under 
t^e  or«Nit  and  trou^  are  «qusl«  Xn  this  case  the  particle  path  is  nor#  rc^lar 
or  nniferm*  In  Figore  ISb  and  Ifb.  the  aosinns  horisontal  piurticle"  velocity 
near  the  crest  is  only  half  the  wawe  eelooity  at  broeking*  ^lis  is  ewldenoe 
l^t  Mlly  ^te  ili^tewt  csisuat  of  wator  at  the  crest  of  th«  jaaoee  erer  attains 
the  Telocity  of  ware  propagation  eren  at  the  breekihg  point*  flgi^es  11a  to 
ISa  all  shewed  that  the  surf^e  tiae  history  (x  » 0)  passed  ^ bilking  point 
end  the  epaee  profile  (t  s O)  show  close  asrees^nt  orcr  a dis^iaoe  of  CbMit 
ZCfi  of  the  waTe  length  on  either  side  of  the  breaking  point* 

Ooaclusioae  t She  Stolcss  waTS  theory  tc  ^e  seoond  approximation  wsts  oos^rod 
io  a Wfiaa  range  of  aedel  ware  condittone*  The  wa^s  were  unifondy  gsnerated 
and  progressed  orer  constant  depths  and  sloping  beaohss*  fben  obserration  and 
effit^riaon  the  following  conclusions  sssn  justifiedt 

1*  The  theory  and  measureeient  for  eurfhee  time  histories  or  profil*:i, 
for  Tsrtieal  and  hcriioetal  particle  Telocltiss*  end  for  particle  orbits 
agrseaent  within  2QJ(  (based  on  the  measured  data)  for  all  wares  wntre  ^ ^ 0*£« 

9,  There  existsa  range  of  ^ between  0«‘2  and  0*1  where  the  theory  shows 
fair  agresnent  with  the  iseasureisents^of  wares  with  appreciable  steepness* 

S*  llhere  0*1*  the  theory  does  not  agree  trlth  the  aeasureaents 

either  for  wayes  in  constant  depth  or  for  waves  breaking  on  sloping  beaches* 

It  was  not  expeotod  that  the  theory  would  oempare  with  these  very  shallow-water 
waves* 

4*  In  d<?«p  atid  relatively  deep  water  the  uorisontal  partiols  velocity 
under  the  orest  and  under  ihe  trough  are  equal  in  znageitude  at  the  same  elevation 
above  the  bottosie  In  shallow  water  the  horiscntal  particle  velooity  under  the 
orest  nay  be  about  twice  the  ,»=agaitude  as  the  partiolo  velooity  under  the  trough 
at  the  same  level*  Very  steep. waver  on  sloping  beaches  ars  similar  to  deen- 
water  waves  in  regard  to  the  fact  that  the  hori7.cntal  pax*tiole  velooliy  under 
the  orest  and  trough  are  equal  at  the  same  level.  Low  waves  on  a low  beach  are 
similar  to  very  shallow  water  waves  in  this  respect* 

6*  The  Maximum  horisoyntal  particle  vslooity  at  the  orest  of  the  wave 
leay  attain  the  wave  velocity  of  propagation  as  the  wave  breaks  but  this 
phenomenon  is  confined  to  a very  narrow  region  of  water  at  the  crest  of  the 
wave. 


8. 


$•  HsiTes  la  vvf  sluilloiw  -aater  that  form  saeond&rjr  ^rt*  ar«  not 
«-ftv«c  of  paraaaoafc  f07««  t^e  ••oondary  mTC  tr&Tsls  &t  a Tdlooi'i;;^  m^eh  la 
loti  thaa  tfes  ^locity  of  th«  twit®  train;  The  seooadayy  mw  o&uf«s 

a-sosoad  lex^  la  the  partiole  or^it« 

7«  sur^hoe  tlaM.hletery  and  the  spaoo  profile  are  jciearly  idehti-' 
sal  nilikiti  a dietanss  of  ah<nit  2X3^  of  title  ware  leaj'tli  on  either  side  of  the 
orest  of  a iHreaking  vave* 

8*  %ie  BMUcianas  rertioal  particle  velooit^r  oooure  at  the  naan  partiole 
poeities  (y  s 0)«  Xa  Hut  oae«  of  breaking  ea-ves  eloplag  l^aohes,  the  great- 
est vertical  vslooity  ooowrs  as  Ihe  ware  orest  approaghfSs  3ftif  aeaclBBai 

horisontal  partiole  relooity  oeoors  under  the  orest  T?h»n  the  wave  passes  or 
breaks.  However,  the  iscxllsoai  horizontal  partiole  velooil^  nay  ooour  slightly 
before  or  sli^tly  after  the  partiole  reaches  the  naxljBus  elevation  in  its 
action,  that  is  slightly  before  <ht  after  the  wave  orsst  pas  so# , d^nding  on 
vitMther  particle  is  sheressrd  or  seaward,  respectively,  of  breaker* 
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